-sources to groundwater. And the outputs of SIAR model showed some variability in the contribution of each NO 3 -source. "Soil" contributed the most (between 21% and 70%), followed by "NF" (between15% and 45%), "M&S" (between 4% and 39%), "NP" (between 0% and 20%). The SIAR model showed be considered as a reliable approach to quantify the proportional contributions of multiple NO 3 -sources in the mixture.
I. INTRODUCTION
Nitrate (NO 3 -) contamination of water is a prominent environmental problem worldwide. With the increasing of human disturbance, the natural nitrogen (N) cycle has been extensively altered, doubling the rate of N inputs into the terrestrial N cycles [1] , [2] . A considerable mass of reactive nitrate may accumulate in the unsaturated zone (UZ) by anthropogenic activities involving N compounds (e.g., the liberal application of N fertilizers) and byproducts of organic matter from agriculture, septic system, animal manure et al. [3] - [6] .
Groundwater is an important source of water supply for both municipal and industrial use in many regions [7] . The quality of groundwater is susceptible to the mobilization of reactive nitrate by activities (e.g., irrigation, sewage disposal and rainfall penetration) that enhance infiltration to the UZ [8] , [9] , thus accelerating the leaching of nitrate into groundwater. High concentrations of nitrate in groundwater not only potentially threaten the aquatic ecosystem, but also pose great risks to human health [6] , [10] - [12] . Therefore, the World Health Organization has set a limit of 10mg/L NO3--N for Manuscript received May 18, 2015 ; revised September 17, 2015 This work was supported in part by the School of Environment, Beijing Normal University, China.
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In general, groundwater has limited capacity for cleansing nitrate through natural process (e.g., dilution, denitrification et al.) and the hydrology conditions of groundwater aquifers are sophisticated. Therefore, the remediation of polluted groundwater would be costly with lots of uncertainties [13] . The most fundamental approach to deal with groundwater nitrate contamination is to find the source of nitrate and cut it off [14] . Hence, tracking the sources of nitrate in groundwater is of great significances to improve groundwater quality and manage human activities. Sources of nitrate in water are of great diversity. While it's feasible to deduce these origins by traditional hydrochemical methods, such as the analysis of NO 3 -mass concentration and/or the concentration features of some other ions in combination with land use patterns and tillage practices [15] - [18] . However, using hydrochemical methods alone may just provide indirect evidences for nitrate sources extrapolation, and the results are uncertain in some extend. With the advancing of isotope probing, researchers discovered that different NO3-sources have distinct isotopic ratios of both δ15N and δ18O. The typical domain of δ15N and δ18O values of different nitrate sources was concluded by Kendall et O to identify agriculture effluents and wastewater as two main sources of NO 3 -in springs of a human-impacted catchment [20] . Zhang et al. combined the 15N and 18O isotopes to trace the derivation of groundwater NO3-in sewage irrigation areas and undisturbed regions comparatively. Data indicated that wastewater and soil mineralized nitrogen were the dominant origin of groundwater nitrate in these two sites respectively [21] .
Some researchers also applied δ 15 N and δ 18 O to quantify the proportional contributions of multiple nitrate sources to aquatic environment via the mass balance model [22] , [23] . However, the mass balance model became deficient in drawing accurate conclusions when more than three nitrate sources existed in water simultaneously [19] . And the model itself had numerous uncertainties as well [24] , [25] . Plenty of approaches to revise the mass balance model have been proposed [26] - [28] . Among which Andrew et al. provided a novel insight in partitioning multiple sources in the mixture. They established a SIAR (Stable Isotope Analysis in R) model, which was designed for food-web analysis primitively. The SIAR model uses a Bayesian framework to determine the possible proportional source contribution and the distribution of each source's contribution to the mixture [28] , [29] 3 -sources in agriculture affected surface water. The output showed that the biggest and the least contributors were "manure and sewage" and "NO 3 -in precipitation" respectively [30] . Marion et al. estimated the inputs of two nitrate sources (sewage and atmospheric deposition) concentrated in urban watersheds with SIAR model. Results indicated that sewage was the dominant source despite the spatial and temporal variety. Up to 94% and 66% of nitrate originated from sewage during base flow and storm flow respectively. While atmospheric deposition merely became a substantial nitrate source under storm conditions, with a proportional contribution being no more than 36% [31] . However, the SIAR model has not yet been prevalently applied to identify and quantify nitrate sources in groundwater, which is also susceptible to human activity and plays significant roles as well as surface water does.
The purpose of this study was to estimate the proportional contributions of the potential nitrate sources in groundwater of an urbanized watershed. Firstly, a dual stable isotope approach (δ 15 N and δ 18 O in NO 3 -) was adopted to identify the main origins of groundwater nitrate. Afterwards, the SIAR model was operated to output the distribution of each nitrate source's relative contribution to the mixture. Finally, an analysis that combined nitrate sources with hydrology conditions as well as human disturbances was made, based on which advices on improving groundwater quality could be proposed.
II. MATERIALS AND METHODS

A. Site Description
Shijiazhuang city is situated in the south central of Hebei province, with an urban area of about 455.81 km 2 and a good reputation of "the northern granary" in China. The physiognomy of the region is flat with a slight gradient of 1.6~2.5 to 0.5~1.0% from the west to the east. The city has a semi-arid and semi-humid continental monsoon climate, and the precipitation period is between June to September. Hutuohe was the biggest river of the city, however, since the Huangbizhuang reservoir being constructed in the upper stream, Hutuohe has became a seasonal river.
The main strata of this region belongs to the Quaternary deposit, of which the lithology includes medium coarse sand, intermediate fine sand and cohesive soil. The relatively water-enriched formation for phreatic water is the shallow groundwater aquifer. The bottom depth of shallow groundwater aquifer increases eastward from 20 m to 200 m gradually, while the granularity of the aquifer changes in the opposite way. The hydrochemical types of shallow groundwater were HCO 3 -Ca, HCO 3 -Ca·Mg in the west, and HCO 3 -Na, HCO 3 -Ca·Mg, S0 4 -Na and S0 4 -Mg in the east. Since the 1950s, groundwater especially shallow groundwater in this city has been intensively exploited for domestic, industrial and agriculture use. With the aggravation of human disturbance, shallow groundwater has been seriously contaminated, and the water quality has been continuously degraded, such as the elevation of NO 3 -concentration from 4.38mg/L in 1959 to 54.07mg/L in 2000 [32] .
B. Groundwater Sampling and Analysis
About 13 shallow groundwater samples were collected from domestic wells or agricultural motor-pumped wells in September, 2011. These wells were distributed from Yancun to Gaoqianbeijie, along with the groundwater flow approximately. Five liters of fresh water was collected in each site for NO 3 -concentration analysis and 15 N, 18 O isotope analysis.
The concentration of NO 3 -was determined by the ion-chromatographic analyzer, with a 0.001mg/L test precision. 15 
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III. RESULTS AND DISCUSSION
A. Spatial Variance of Groundwater NO 3 -Concentrations
According to the result shown in Table I , the concentration of groundwater NO 3 -ranged widely from 5.7 to 26.2 mg/L, with an average value of 15.5 mg/L (Fig. 1) . Specifically, about half of the groundwater samples had fluctuant NO 3 -concentrations around the average value. While the rest samples showed anomalous concentration of NO 3 -more or less, which might be the result of hydro-geochemical process, human disturbance, or the integration of both. Sampling sites such as Houdubei, Bafang and Dongxuying had abnormally low groundwater NO 3 -concentrations. Houdubei was in the neighborhood of Huangbizhuang reservoir, which was the most important and favorable source of drinking water to Shijiazhuang city, with a very low NO 3 -concentration of merely 2.63 mg/L. According to the hydrology conditions, Huangbizhuang reservoir was likely to recharge the groundwater adjacently. Meanwhile, the condition of water circulation was much better in places near the reservoir. Therefore, the concentration of groundwater NO 3 -in Houdubei was relatively lower. However, Bafang and Dongxuying had comparatively low groundwater NO 3 -concentrations as well, though the two sampling sites were neither near the Huangbizhuang reservoir nor had good hydraulic conditions. There might be three main reasons for this phenomenon. Firstly, the number of aquifer layers was increasing with the size of aquiferous medium being decreased. Therefore, aquifers in such area had low permeability that pollutants (e.g., NO 3 -) could be prevented from entering groundwater in large extent. Secondly, both sealed aquifer conditions and long hydraulic retention time were favorable for some certain microbial activities, such as the denitrification, by which groundwater NO 3 -concentration could be reduced greatly. So far, denitrification has been proved to exist in groundwater environment and applied to the in situ remediation of groundwater contamination [33] , [34] . Presently we are working on the microbial denitrification in groundwater of the studied area. Thirdly, according to our field survey, groundwater in these three sampling sites were mainly for drinking use. And the wells were situated within the house yards that were relatively far from farmlands and had large impervious surface, thus reducing the possibility of groundwater being polluted by fertilizer N residues and soil N leaching.
Conversely, sampling sites such as Dahe, Beigaoying, Xiguan and Shaojiazhuang had abnormally high groundwater NO 3 -concentrations. Dahe, Beigaoying and Xiguan were situated in the neighborhood of two eutrophicated surface waters (e.g., Shijin canal and Hutuo river). According to the hydrological conditions, groundwater aquifers of these sampling sites had relatively good permeability, thus providing favorable conditions that groundwater being recharged by the eutrophicated surface waters. Shaojiazhuang was in the south of Shijiazhuang city, where sewage irrigation has been widely applied since the 1950s. Due to the high concentration of NO 3 -in sewage water generally, groundwater in this region might show more enrichment in NO 3 -than the rest regions. Additionally, based on our field survey, the sampling well in Shaojiazhuang was an agricultural motor-pumped well that located within the cropland. Hence, chemical fertilizers, animal manures and soil N might become potential contributors to the accumulation of shallow groundwater NO 3 -. Specifically, we have conducted an experiment of groundwater E. coli bacteria cultivation. The result showed that after a 24 hours' incubation, the number of E. coli bacteria flora in groundwater of Shaojiazhuang sample site was more than 200. And the enrichment of E. coli bacteria was a valid implication of sewage and manure migrated into the groundwater. The δ 15 N and δ 18 O values of all the groundwater samples can be seen in Table I . The value of δ 15 N ranged from 7.1 to 11.3‰, and the mean value was 8.8‰. The δ 15 N values of shallow groundwater in the studied area showed good consistent with the δ 15 N values in reported agricultural areas (e.g., 2.7-14.6‰ and 8.2-11.3‰) [35] , [36] . Sampling sites such as Taitou and Gaoqianbeijie showed relatively higher δ 15 N values, which were 11.1 and 11.3‰ respectively. While sampling sites such as Shiqiyu and Xiguan showed relatively lower δ 15 N values, which were 7.1 and 7.2‰ respectively. The value of δ 18 O ranged from 5.4 to 11.6‰, and the mean value was 8.4‰. The δ 18 O values were the highest in sampling sites such as Bafang and Taitou, from 11.5 to 11.6‰. While the lowest δ 18 O values were in sampling sites such as Xiguan and Beigaoying, from 5.4 to 5.6‰.
B. Identify Potential NO 3 -Sources to Groundwater Using Dual Stable Isotopes
On the whole, the composition of 15 N and 18 O isotopes showed distinct heterogeneity in spatial distribution, which was an implication of diversified nitrate sources to shallow groundwater. In this study, the method of classical dual isotope bi-plot was chosen to identify potential NO 3 -sources to the shallow groundwater (Fig. 2) .
It was obvious that isotopic composition of groundwater samples mainly fell into the range of "manure and sewage" and "soil N" sources, and few were on the edge of "NO 3 -in chemical fertilizer" and "NH 4 + in chemical fertilizer and precipitation" source windows as well. However, none sample showed similar isotopic composition to the source of "NO 3 -in precipitation" (Fig. 2) . As a whole, the distribution of groundwater isotopic composition in this bi-plot indicated four kinds of potential NO 3 -sources to groundwater, including manure and sewage (M&S), soil N (Soil), NO 3 -in chemical fertilizer (NF), NH 4 + in chemical fertilizer and precipitation (NP) respectively. Meanwhile, the largest contributor of groundwater NO 3 -would be manure and sewage, followed by soil N. While NO 3 -in chemical fertilizer or NH 4 + in chemical fertilizer and precipitation would make the least contribution to groundwater NO 3 -. However, the classical dual isotope bi-plot approach merely output rough results of potential NO 3 -sources, while could not give conclusive information regarding the proportional contributions of all the potential NO 3 -sources. Therefore, a more quantitative method need to be adopted.
C. Quantify the Proportional Contributions of NO 3 -
Sources with SIAR Model
In order to estimate the proportional contributions of the four potential NO 3 -sources (e.g., M&S, Soil, NF and NP) deduced from the classical bi-plot (Fig. 2 ), a SIAR model was applied. And the model outputs showed certain variability among the contributions of the four potential NO 3 -sources. The range of each NO 3 -source's contribution was shown in the box plot (Fig. 3) . And the mean probability estimate (MPE) of proportion density of four potential NO 3 -sources were normally distributed (Fig. 4) . Specifically, the contribution of "Soil" was the highest (between 21% and 70%), followed by "NF" (between15% and 45%), "M&S" (between 4% and 39%), "NP" (between 0% and 20%).
The quantitative outputs by SIAR model (Fig. 3) showed good consistent with the approximate analysis results from classical bi-plot (Fig. 2) . In general, "Soil" contributed the most, which indicated a high background value of soil NO 3 -. Besides, the groundwater samples were collected in September, during which temperature and moisture of the soil were favorable for microbial activities (e.g., the transformation of soil organic N into NH 4 + and/or NO 3 -). "NF" and "M&S" contributed intermediate, and main reason was that some of the groundwater samples were collected from wells located in or near the farmlands. Therefore, NO 3 -concentrations of shallow groundwater in these locations were susceptible to agricultural activities such as chemical fertilizer and/or animal manure application, sewage irrigation. "NP" contributed the least, possible interpretation might be that rainfall in this area had relatively low NH 4 + concentration. Besides, during the week we collected groundwater samples, no significant precipitation has happened, thus little NH 4 + was permeated into groundwater and oxidized into NH 4 + .
IV. CONCLUSION
Presently, although the concentration of NO 3 -in shallow groundwater haven't reached or exceeded the limit set by the World Health Organization, human disturbance was confirmed to be one of the dominant factors leading to the enrichment of NO 3 -in groundwater. Our study showed that manure and sewage (M&S), soil N (Soil), NO 3 -in chemical fertilizer (NF) and NH 4 + in chemical fertilizer and precipitation (NP) were the four potential NO 3 -sources to groundwater. And the SIAR model was applied to estimate the proportional contributions of each NO 3 -source. The output of SIAR model showed some variability in the distribution of the four potential NO 3 -sources' contribution. The contribution of "Soil" was the highest (between 21% and 70%), followed by "NF" (between15% and 45%), "M&S" (between 4% and 39%), "NP" (between 0% and 20%). The variability was the result of human activity, sampling well location, as well as the hydro-meteorology. The SIAR model is a reliable approach to quantify the proportional contributions of multiple NO 3 -sources in the mixture, and should be considered as the fingerprint of potential NO 3 -sources.
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